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Sulfation of biomolecules is a modification that regulates extracellular
interactions by altering the binding properties of the underlying macro-
molecule1,2. Sulfation has been compared to phosphorylation, which by
contrast regulates processes that occur inside cells. Sulfotransferases
(STs) are the enzymes responsible for transferring the sulfuryl 
group from a universal donor molecule, 3′-phosphoadenosine-5′-
phosphosulfate (PAPS), to carbohydrates, proteins and a variety of
other low-molecular-mass metabolites3–5. Just as kinases are of consid-
erable interest as mediators of intracellular signaling, sulfotransferases
have attracted attention as mediators of intercellular signaling.

Studies of this enzyme class have been most extensively detailed in
eukaryotes. Eukaryotic STs are divided into two categories based on
their subcellular localization and physiological substrates. Cytosolic
STs add sulfate to steroids and other small hydrophobic metabolites,
whereas Golgi-resident STs modify carbohydrates and tyrosine
residues on membrane-bound and secreted proteins. Examples of
processes regulated by mammalian sulfotransferases include interac-
tion of the leukocyte adhesion molecule L-selectin with its endothelial
ligands6,7, binding of HIV gp120 to the coreceptor CCR5 (ref. 8) and
to neutralizing antibodies9, and clearance of glycoprotein hormones10.

Relatively little information has emerged regarding the pervasive-
ness and functions of STs and their sulfated products in bacteria1. Only
two bacterial STs, NodH11 and NoeE12 from Sinorhizobium meliloti,
have been assigned a specific function. Notably, the roles of these
prokaryotic carbohydrate STs and eukaryotic carbohydrate STs are
analogous. NodH and NoeE direct extracellular interactions between
the symbiotic bacterium and its plant host by sulfating the carbo-
hydrate portion of secreted root nodulation factors. The plant then
recognizes these metabolites in a sulfate-dependent manner; mutants

lacking ST activity show altered host specificity. PAPS biosynthesis
enzymes have also recently been identified as virulence determinants
in the plant pathogen Xanthomonas oryzae, suggesting a role for sul-
fated metabolites in plant-pathogen interactions13.

Among human pathogenic bacteria, Mycobacterium tuberculosis is
unusual in its abundant production of sulfated metabolites14. Several
other mycobacterial species, including M. avium, M. smegmatis and
M. fortuitum, have also been shown to synthesize one or more 
sulfated compounds14–17. Consistent with these biochemical data, we
have recently identified the stf family of sulfotransferases in mycobac-
terial genomes1.

SL-1 is the most notable sulfated metabolite from M. tuberculosis.
Early studies found a correlation between the abundance of SL-1 and
the virulence of several strains18. Comprising a T2S core modified with
four fatty acyl groups (Fig. 1a), SL-1 accounts for ∼ 1% of the dry weight
of M. tuberculosis19 and its location in the outer envelope has prompted
speculation that it may be a virulence factor involved in host-pathogen
interactions20. In vitro assays have shown that SL-1 causes superoxide
release in activated human neutrophils and monocytes, and at low SL-1
concentrations the cells were primed for secondary challenge with
mitogens21–23. Furthermore, SL-1 has been shown to be immunogenic
in human patients and has utility as a serodiagnostic marker24,25. 
A biosynthetic precursor of SL-1, termed SL1278 based on its measured
mass14,26, has recently been identified as a potent T-cell antigen 
presented by the nonclassical MHC molecule CD1b27. This compound
and fully elaborated SL-1 may combine to serve a function in
immunomodulation during M. tuberculosis infection.

The biosynthetic pathway for SL-1 has not yet been fully elucidated.
Genetic approaches have identified candidates for the polyketide 
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Sulfolipid-1 (SL-1) is an abundant sulfated glycolipid and potential virulence factor found in Mycobacterium tuberculosis. SL-1
consists of a trehalose-2-sulfate (T2S) disaccharide elaborated with four lipids. We identified and characterized a conserved
mycobacterial sulfotransferase, Stf0, which generates the T2S moiety of SL-1. Biochemical studies demonstrated that the enzyme
requires unmodified trehalose as substrate and is sensitive to small structural perturbations of the disaccharide. Disruption of stf0
in Mycobacterium smegmatis and M. tuberculosis resulted in the loss of T2S and SL-1 formation, respectively. The structure of
Stf0 at a resolution of 2.6 Å reveals the molecular basis of trehalose recognition and a unique dimer configuration that encloses
the substrate into a bipartite active site. These data provide strong evidence that Stf0 carries out the first committed step in the
biosynthesis of SL-1 and establish a system for probing the role of SL-1 in M. tuberculosis infection.
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synthase that generates the hydroxyphthioceranic acid groups (Pks2,
Fig. 1a)28 and a lipid transporter thought to shuttle a precursor of 
SL-1 across the plasma membrane (MmpL8)26,29. In animal models of
M. tuberculosis infection, mutants lacking MmpL8 showed attenuated
virulence, whereas mutants lacking Pks2 behaved similarly to 
wild-type26,30. The presence of SL-1 precursors in these mutant strains
complicates the interpretation of the importance of SL-1 in 
M. tuberculosis virulence.

Here we report the characterization of a novel mycobacterial ST.
The enzyme, which we termed Stf0 (ref. 1), was identified as a poten-
tial ST by virtue of its homology to an ST recently discovered in
S. meliloti31. Biochemical analyses demonstrated that Stf0 transfers the
sulfuryl group from PAPS to trehalose to form T2S (Fig. 1b), the core
disaccharide of SL-1. Kinetic studies with a panel of substrate analogs
revealed that the enzyme is highly sensitive to subtle changes in carbo-
hydrate structure. Inactivation of stf0 in M. smegmatis and M. tubercu-
losis confirmed that T2S is the physiological product of Stf0 and is
required for the biosynthesis of SL-1. We also determined the crystal
structure of M. smegmatis Stf0 bound to trehalose. The structure
revealed the molecular basis of trehalose recognition and a unique
dimer configuration that encloses the substrate into a bipartite active
site. Together, these findings identify sulfation of trehalose by Stf0 as
the initiating step in SL-1 biosynthesis and provide a framework for
defining the role of SL-1 in tuberculosis.

RESULTS
Identification of Stf0
A BLAST query of the M. tuberculosis genome32 using a recently
identified S. meliloti ST LpsS31 returned an open reading frame
(ORF) of moderate homology that has conserved ST PAPS–binding
motifs33. A single apparent ortholog sharing ∼ 75% identity with this

gene (ORF Rv0295c) was also identified in
the genome sequences of M. smegmatis and
M. avium (BLAST server at The Institute for
Genomic Research; http://www.tigr.org). A
complete sequence alignment of the Stf0
orthologs and several related STs is provided
in Supplementary Figure 1 online. Stf0
escaped our previous attempt at an exhaus-
tive ST search in these genomes1 by virtue of
its low homology to other members of the
Stf family and the eukaryotic ST search
query used at the time.

Biochemical characterization of Stf0
To test whether Stf0 has ST activity, the gene
was amplified from M. tuberculosis H37Rv,
expressed in Escherichia coli, and the protein
was purified to homogeneity. Using enzymati-
cally prepared PAP35S, we tested whether the
purified enzyme was capable of sulfating tre-

halose in vitro. Analysis of the reaction mixture by thin-layer chro-
matography (TLC) revealed a product with an Rf value identical to that
of an authentic sample of T2S generated by chemical synthesis (Fig. 2a).

The sulfated product of Stf0 was further analyzed by Fourier trans-
form ion cyclotron resonance mass spectrometry (FT-ICR MS).
PAP32S and PAP34S were synthesized enzymatically and these stable
isotopically enriched sulfuryl donors were used in larger-scale reac-
tions with Stf0 and trehalose. A major ion with m/z = 421.06, corre-
sponding to the exact mass of sulfated trehalose, was observed in the
PAP32S reaction (Fig. 2b). Likewise, an ion with m/z = 423.06 was
identified in the PAP34S reaction. These ions were only observed in the
presence of trehalose. Analysis of the ion with m/z = 421.06 by MS-MS
yielded product ions identical to those obtained from an authentic
sample of T2S (data not shown)14. These data demonstrate that Stf0
catalyzes the formation of T2S from PAPS and trehalose.

To determine the physiological significance of the above observa-
tion, we carried out kinetic studies with trehalose and related natural
and unnatural carbohydrates. The Km value of trehalose was deter-
mined to be 18 mM for M. smegmatis Stf0 (Table 1). This is reasonable
for a physiological substrate given that trehalose is present at high con-
centrations, composing 1–3% of the dry weight of M. smegmatis34.
Modifications to the structure of trehalose severely affected the effi-
ciency of sulfation by Stf0 (Table 2). For example, a synthetic analog
epimerized at a single stereocenter (Gal(1,1-α,α)Glu) was sulfated 
68-fold less efficiently than trehalose. Replacement of one glucose
residue of trehalose with a phenyl group, with retention of the 
α-linkage (α-phenyl glucoside), reduced substrate activity by 
3,000-fold versus trehalose. Stf0 showed no detectable activity on the
β-linked isomer (β-phenyl glucoside). Thus, Stf0 exhibits a strong
preference for an α-glucoside. Free glucose and unnatural stereo-
isomers of trehalose (α,β (neo-trehalose) and β,β (iso-trehalose))
were not sulfated at a detectable level by Stf0.

Stf0 is required for T2S synthesis
Using a combined mass spectrometric and genetic method, we have
previously identified T2S as a metabolite in M. smegmatis14. Stf0 was
disrupted in M. smegmatis (∆s-stf0) to test the function of the gene in
vivo. To probe for changes in sulfated metabolite production, wild-
type M. smegmatis, ∆s-stf0, and a complemented mutant overexpress-
ing Stf0 (∆s-stf0:Gstf) were grown in the presence of 35SO4
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Figure 1 Structure of sulfolipid-1 and trehalose-2-sulfate. (a) The structure of SL-1 as proposed 
by Goren et al69. The T2S core of SL-1 is modified with two hydroxyphthioceranic acid groups, a
phthioceranic acid group and a palmitic acid group. (b) The structure of T2S with residue and atom
labeling used in this paper. Before sulfation, trehalose is a C2-symmetric molecule consisting of two
glucose moieties in a 1,1-α,α-linkage. The sulfated glucose residue is referred to as Glc-A and the
other glucose residue is Glc-B.

Table 1  Kinetic analysis of M. smegmatis Stf0 mutants

Enzyme Km (mM)a kcat (s–1) kcat/Km (s M)–1

Wild type 18 ± 2 1.6 ± 0.1 89

E33A 29 ± 3 0.61 ± 0.02 21

E36Q 6.4 ± 1 0.017 ± 0.001 2.6

aAll parameters were extracted from a Michaelis-Menten fit (R2 > 0.99) to a minimum of eight
trehalose concentrations.
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compound with an Rf value matching T2S was found in wild type, but
was not visualized in ∆s-stf0 (Fig. 2c). Notably, overexpression of Stf0
in ∆s-stf0:Gstf led to a marked increase in levels of T2S as well as other
potentially related sulfated compounds. Crude extracts from these cul-
tures were also prepared for MS analysis. FT-ICR MS was chosen, as it
can resolve the cellular pool of phosphorylated and sulfated disaccha-
rides35. Wild-type extracts possessed a compound with m/z = 421.06,
corresponding to T2S, that was absent in ∆s-stf0 and present in great
abundance in ∆s-stf0:Gst (Fig. 2d). Broad molecular mass scans
showed no other gross differences in metabolite profile between the
∆s-stf0 and wild-type strains (data not shown).

Stf0 is required for SL-1 biosynthesis
To determine whether Stf0 is responsible for initiating the biosynthesis
of SL-1, we disrupted stf0 in M. tuberculosis (∆t-stf0). A crude extract
from ∆t-stf0 was analyzed for the presence of T2S and SL-1 by MS as
described14. T2S (data not shown) and SL-1 (Fig. 3a) were readily
observed in wild type, whereas both compounds were absent in 
∆t-stf0. These data confirm that sulfation of trehalose by Stf0 is
required for SL-1 biosynthesis, however MS could not address whether
trehalose was elaborated with (hydroxy)phthioceranic acids in the
absence of sulfation by Stf0.

To probe for unsulfated SL-1 intermediates, we used 14C-propionic
acid as a metabolic label specific for polypropionates such as
(hydroxy)phthioceranic acids26. As expected based on our MS results,
14C-propionic acid labeling of ∆t-stf0 confirmed the absence of fully
elaborated SL-1 (Fig. 3b). Moreover, no compounds corresponding to
an unsulfated form of either SL-1 or an SL-1 precursor (the presence of

the sulfate would affect the Rf of the molecules) were observed. These
observations strongly suggest that sulfation of trehalose is an obligate
first step in the biosynthesis of SL-1.

Structure of Stf0 bound to trehalose
To better understand the molecular interactions governing the 
initiating step of SL-1 biosynthesis, we undertook the X-ray crystal
structure of Stf0. Although we were unable to grow crystals of the
M. tuberculosis ortholog, trehalose-dependent crystals of the
M. smegmatis enzyme were readily obtained. These crystals belonged
to the P3221 space group and contained four monomers in the asym-
metric unit (Supplementary Table 1 online). The four protomers
were configured as two identical dimers (Fig. 4). Electron density
clearly indicated that each protomer bound one trehalose molecule
(Fig. 5a). The Stf0 monomer belongs to the ST structure superfam-
ily36 and consists of a single domain with a core four-stranded parallel
β-sheet flanked by α-helices (Fig. 4a).

ST structures solved prior to this work include several eukaryotic
cytosolic STs (such as estrogen ST (EST)), the ST domain of the 
Golgi-resident heparan sulfate N-deacetylase/N-sulfotransferase 1
(HDNST-1)36, and recently, a Golgi-resident heparan sulfate 3-O-
sulfotransferase37. Stf0 is the first prokaryotic ST to be structurally
characterized and the first carbohydrate ST to have its structure solved
in the presence of an acceptor substrate. Among ST structures, Stf0
shares the most structural homology with HDNST-1 (ref. 38), with an
r.m.s. deviation of 3.5 Å across 183 topologically conserved Cα atoms.
These conserved residues are found primarily within the core β-sheet,
the 5′-phosphosulfate-binding loop (5′ PSB)33, and helices α7 and α9
(Fig. 4a). Based on superimpositions of Stf0 with human HDNST-1
and murine EST39, helices α7 and α9 are expected to form the major-
ity of interactions with the 3′ phosphate and adenine base of PAPS. 
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Figure 2 Stf0 is the mycobacterial T2S sulfotransferase. (a) TLC analysis 
of reactions with purified Stf0, trehalose (Tre) and PAP35S. Arrowhead, a
sulfated product formed in the experimental lane. (b) FT-ICR mass spectra 
of reactions with purified Stf0, trehalose, and either PAP32S (top and bottom
spectra) or PAP34S (middle spectrum). In the reaction analyzed in the top
spectrum, T2S of the 32S form (T2S-32) is synthesized (m/z = 421.06) and
in the reaction analyzed in the middle spectrum, the 34S form (T2S-34) is
made (m/z = 423.07). The control reaction analyzed in the bottom spectrum
lacks trehalose. (c) TLC analysis of crude extracts from 35SO4

2–-labeled 
M. smegmatis cultures. Black arrowhead, position of T2S observed in
extracts of the wild type (WT) and complemented Stf0 knockout 
(∆s-stf0:Gstf) strains. The spot corresponding to T2S is absent from extracts 
of ∆s-stf0. White arrowhead, position of additional sulfated molecules that
markedly increased in abundance upon overexpression of Stf0. (d) FT-ICR
mass spectra of crude extracts from the same M. smegmatis strains as in c
showing the region surrounding T2S. The peak corresponding to T2S is
highlighted with an asterisk. The neighboring isobar observed in the top two
spectra has the exact mass of a phosphorylated disaccharide. In the bottom
spectrum, this isobar is masked by the marked overproduction of T2S.

Table 2  Kinetic analysis of M. smegmatis Stf0 with trehalose 
and analogs

Substrate kcat/Km
a (s M)–1 (kcat/Km) / (kcat/Km)tre

Trehalose 89 ± 6 1.0

Gal(1,1-α,α)Glu 1.3 ± 0.1 0.015

α-Phenyl glucoside 0.030 ± 0.001 3.4 × 10–4

β-Phenyl glucoside <0.01 NDb

Glucose <0.01 ND

α,β-Trehalose <0.01 ND

β,β-Trehalose <0.01 ND

aParameter was determined using a minimum of four substrate concentrations. Values ± s.e.m.
were determined from triplicate measurements. bND, not determined.
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A perfectly conserved serine residue is found on α7 of Stf0 (residue
152) and superposes with the equivalent serine residues of human
HDNST-1 (Ser712) and murine EST (Ser138). In these ST structures,
the conserved serine forms a hydrogen bond with an oxygen atom of
the 3′ phosphate of PAPS.

The Stf0 dimer
Many eukaryotic cytosolic STs have been shown to exist as homo- and
heterodimers in solution. A recent study has demonstrated that the
dimer interface in these proteins is restricted to a conserved ten-
residue loop located near the C terminus40. To assess the oligomeric
state of Stf0, we prepared native (His-tag-free) samples of the protein
for analytical equilibrium centrifugation studies. Results of these

experiments indicated that Stf0 exists predominantly as a homodimer
in solution (Supplementary Fig. 2 online). To our knowledge, Stf0 is
the first carbohydrate ST that has been shown to oligomerize.

A dimer of Stf0 protomers was clearly visible in the structure
(Fig. 4c). Notably, the protomer contacts and the overall dimer config-
uration observed in the structure of Stf0 bear no similarity to those of
the eukaryotic cytosolic ST dimers. Nonetheless, several lines of evi-
dence give us confidence that the observed Stf0 dimer is physiologi-
cally relevant. The trehalose-bound P3221 crystal form presented here
revealed four monomers in the crystallographic asymmetric unit.
Only one dimer interface, that assigned here, was shared by all crystal-
lographically and noncrystallographically related protomers. In addi-
tion, we have solved a second crystal form of Stf0 in the absence of
trehalose that crystallizes into an alternative space group bearing the
Stf0 dimers we observed here (data not shown).

Stf0 dimer contacts bury 1,370 Å2 or 11.5% of the solvent-
accessible surface area of each monomer. The interactions are largely
symmetrical and encompass the trehalose-binding site of both pro-
tomers (Fig. 4c). A large proportion of the Stf0 dimer contacts are
polar (Fig. 4b). The region of the dimer interface located directly
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Figure 3 Sulfation of trehalose is required to initiate SL-1 biosynthesis. 
(a) The SL-1 region of FT-ICR mass spectra from crude extracts of 
M. tuberculosis cultures. SL-1 is characteristically observed as an envelope
of lipoforms (±14 mass units) in WT. Under identical conditions, SL-1 is
absent from ∆t-stf0. (b) TLC analysis of crude extracts from 14C-propionic
acid-labeled M. tuberculosis cultures. Black arrowhead, position of SL-1.
SL-1 is not observed in ∆t-stf0, nor are unique spots observed that could
correspond to unsulfated SL-1.

Figure 4 Overall fold and dimer of Stf0. (a) Overall fold
of an Stf0 monomer with bound trehalose. α-Helices,
blue; β-strands, gold; loops, gray; 5′ PSB motif, green.
Disordered loops are gray spheres. Trehalose is shown as
sticks (carbon, white; oxygen, red) and binds centrally 
to the largest flat face of Stf0. (b) Molecular surface
representation of Stf0 in the same orientation as in a.
Polar and charged residues that make direct contacts 
to the other protomer of the Stf0 dimer are orange.
Hydrophobic residues making dimer contacts are white.
Trehalose, colored as in a, is shown as sticks under a
transparent molecular surface. (c) View of the Stf0

dimer looking down the two-fold axis. One protomer is colored as in a. The other protomer is colored with green α-helices, purple β-strands and gray loops.
Trehalose is represented in stick form under a partially transparent molecular surface. Two amino acids from each protein are represented in stick form,
Glu33 and Glu36. Glu36 is the proposed active site base and resides on the same loop as Glu33. Glu33 reaches into the active site of the other protomer
where it hydrogen-bonds to the 4-OH group of Glc-B. (d) Stereo diagram of the Stf0 dimer interface. The two protomers are blue and green tubes. Residues
involved in dimer interactions are in stick model.
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Glc-B of trehalose (defined in Fig. 1b and in the following section)
also contributes part of the dimer interface. Glu33 on L1 of one pro-
tomer extends into the active site of the other, where it forms hydrogen
bonds with Glc-B (Figs. 4c and 5b,c). The distance of this interaction
varies substantially in its four occurrences in the asymmetric unit of
the structure. In one instance, the residue is in close enough proximity
to make strong hydrogen bonds with both the 4-OH and 3-OH groups
of Glc-B, whereas in two other protomers, Glu33 is within hydrogen-
bonding distance only to the 4-OH group. In the final case, Glu33 is

between the trehalose molecules is particularly hydrophilic (Fig. 4d).
Key residues involved in this extensive electrostatic and hydrogen-
bonding network are located on α1 (Glu23 and Arg26) and L1 (Glu33
and Gln35). A molecular surface representation of the Stf0 dimer sug-
gests that the entry of trehalose and exit of T2S would be impeded by
unfavorable steric interactions with residues at the dimer interface.
Studies are underway to determine how trehalose gains access to the
active site. The hydrophilic nature of the dimer interface suggests that
a substantial percentage of the protein may be in the monomeric
form, whereupon trehalose could bind and
T2S could exit the protein without major
structural changes.

Tyr85 is an exception to the high overall
degree of symmetry found at the Stf0 dimer
interface (Fig. 4d). The residue adopts alter-
native rotomers in each protomer, facilitating
a Tyr85-Tyr85′ (prime denotes the second
protomer of the dimer) π-stacking interac-
tion. This disruption of local symmetry leads
to the inability of one of the tyrosine residues
to take part in a second dimer contact, a
hydrogen bond with Asp75′ located on L2
(Fig. 4d). Local asymmetry at symmetric
dimer interfaces has recently been reviewed41

and can indicate cooperativity, allosteric reg-
ulation, or more commonly, optimized pack-
ing constraints near a symmetry axis. Tyr85
is located on the two-fold symmetry axis and
makes no obvious contacts with active site
residues in either conformation, suggesting
that optimized packing constraints drive the
asymmetry.

Figure 6 Proposed biosynthesis of
sulfolipid-1. The biosynthesis of 
SL-1 is initiated by sulfation of
trehalose by Stf0 (step 1). Next, T2S
is acylated with a saturated fatty acid
group and a hydroxyphthioceranic
acid group (HPA), forming SL1278
(steps 2 and 3; unknown order). 
The dashed line indicates that 
the position of HPA on SL1278 is

uncertain26,27,29. Gilleron et al.27 propose a structure in which HPA occurs at the 3′-OH of Glc-B
whereas the structure of SL-1 proposed by Goren et al.69 implies that the HPA group of SL1278 occurs
on the 6- or 6′-position. SL1278 is next transported across the plasma membrane by MmpL8 (step 4).
After transport by MmpL8, the biosynthesis of SL-1 is completed by acylation of SL1278 with a
phthioceranic acid group and another HPA group (steps 5 and 6; unknown order). Aspects of the
pathway are reviewed in ref. 70.

Figure 5 Interactions between trehalose and Stf0.
(a) Stereo diagram of representative Stf0 protein side
chain and trehalose electron density shown in a composite
simulated annealed omit map calculated with 2Fo – Fc
coefficients and contoured at 1 σ. (b) Schematic of the
interactions between one trehalose molecule and both
protomers of the Stf0 dimer. Nitrogen and oxygen atoms
are blue and red spheres, respectively. Water molecules
are asterisks. Hydrogen bonds are dashed lines and
hydrophobic interactions are semicircles. Glu33 and
Pro93 (boxed) are contributed by the other protomer. 

For a table containing the lengths of all hydrogen bonds shown in this figure or discussed in the text, see Supplementary Table 2 online. (c) Stereo view of
the Stf0 active site with modeled PAPS. Cα traces of the two protomers are blue and green tubes. Aside from the addition of the 5′ PSB residue Arg15 and
the removal of Pro93, residues represented as sticks are the same as those detailed in a. Hydrogen bonds are dashed lines and water molecules are gray
spheres. PAPS was modeled based solely on a superposition of an EST–PAPS complex and Stf0. A pink dashed line shows the close proximity of the PAPS
sulfur atom (orange) to the 2-OH group of Glc-A. 
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just outside of predicted hydrogen-bonding distance to the 4-OH
group of Glc-B. Notably, our biochemical data with the trehalose ana-
log Gal(1,1-α,α)Glu support a role for the 4-OH of Glc-B as a crucial
determinant of substrate recognition (Table 2).

We also introduced a E33A mutation and measured the kinetic para-
meters with respect to trehalose (Table 1). The Km value increased, sug-
gesting that interactions with trehalose had been compromised. A
more marked effect was observed with kcat (reduced three-fold), sug-
gesting that this residue affects catalytic efficiency despite its position
distal from the site of chemical transformation. Given its location at the
dimer interface and placement on the same loop as Glu36 (L1), which
we propose serves as the active site base (see below), Glu33 may serve a
role in coordinating dimer formation with substrate binding and catal-
ysis. L1 replaces the second core β-strand found in most STs and pro-
vides for many unique features of Stf0. L1 not only links the two
protomer active sites through contacts with both trehalose molecules
(via Glu33 and Glu36), but also provides contacts via Gln35 to a crucial
water molecule that coordinates the 3- and 4-OH groups of Glc-B
(Fig. 5b,c).

Stf0-trehalose interactions
Trehalose is a symmetric molecule that is desymmetrized by sulfation.
It is therefore important to distinguish between the glucose moiety that
is to be sulfated (Glc-A) and the other glucose, which remains un-
altered (Glc-B; Fig. 1b). Based on proximity to the conserved PAPS-
binding site, and on specific contacts made to the nucleophilic 2-OH
group (see below), Glc-A of trehalose can be unambiguously identified.

The closest interactions between trehalose and Stf0 are a pair of
hydrogen bonds between the side chain oxygen atoms of Glu36 and
the 2- and 3-OH groups of Glc-A (Figs. 4c,d and 5b,c). Because no
other residues of Stf0 contact the acceptor hydroxyl of trehalose 
(2-OH), we postulate that Glu36 is likely to serve as the catalytic base
for an SN2-like in-line displacement mechanism that has been widely
reported for other STs36,42. A E36Q mutation reduced Km by 3-fold
and kcat by ∼ 100-fold (Table 1). The marked effect on kcat is consistent
with a role in the chemical step, although we were surprised to observe
substantial residual activity given previous reports that comparable
mutants of other STs are inactive37,43. It is possible that the Stf0-
catalyzed reaction is more dissociative and therefore less sensitive to
modulation of its active site base. Few studies have addressed the
mechanistic details of STs, but one recent report assigned a dissociative
mechanism to β-arylsulfotransferase IV44.

Superposition of Stf0 with the structure of EST solved in the pres-
ence of both PAPS and the sulfate acceptor estradiol (E2)45 provides
further support for the proposed in-line sulfuryl transfer mecha-
nism. The PAPS molecule modeled directly from the superposition
has minimal unfavorable steric interactions with Stf0 and crucial
residues in the 5′ PSB motifs are well positioned to bind PAPS in the
expected manner (Fig. 5c). The sulfur atom of PAPS is 3 Å from the
2-OH group of Glc-A; this is highly indicative of a direct transfer
mechanism. This superposition also led to a near-perfect overlap of
the acceptor hydroxyl groups of E2 and T2S (data not shown). The
marked proximity of these groups (0.6 Å) is noteworthy given the
chemical diversity of trehalose and E2, and the evolutionary distance
between Stf0 and EST.

Each hydroxyl group of Glc-A is recognized by the enzyme through
at least one hydrogen bond to either a well-ordered water molecule or
a side chain (Fig. 5b,c). Gln39 forms particularly extensive contacts
with both glucose moieties of trehalose. As is commonly observed in 
carbohydrate-binding pockets46, an aromatic residue (Trp162) forms
the lid of the active site through hydrophobic interactions with the

relatively apolar face of Glc-A. Pro48 defines the backside of the active
site by contacting C5 of Glc-A (Fig. 5b,c). The region of the active site
occupied by Glc-B is composed of residues from both protomers in
the dimer (Fig. 5b,c). The surface of this distal portion of the active
site is defined primarily by Arg163 and Pro93′. Additionally, Glu33′
(discussed above), Lys100, and two ordered water molecules take part
in a hydrogen-bonding network to Glc-B. The extensive interactions
of the trehalose hydroxyl groups with amino acid side chains or
bound water molecules suggest that any modifications, such as 
acylation, would preclude enzyme binding. This observation has
implications for the biosynthetic order of the modifications found in
SL-1, as discussed below.

DISCUSSION
The biochemical, genetic and structural data presented here identify
Stf0 as the first committed step in the biosynthesis of SL-1. Stf0 shows
a strong preference for trehalose and minor structural alterations to
trehalose have a marked effect on catalytic efficiency. Disruption of
stf0 in two mycobacterial species led to a loss of T2S, as observed by
mass spectrometry and TLC analysis. SL-1 was no longer detected in
the M. tuberculosis mutant, nor were unsulfated acylated precursors.
Finally, the structure of Stf0 revealed a bound trehalose molecule that
was fully enclosed at a unique dimer interface. The mode of binding
observed in the structure precludes elaboration of the trehalose
hydroxy groups; this is consistent with sulfation as the first step in 
SL-1 biosynthesis. Based on our current work and other recent studies,
we propose a biosynthetic route for SL-1 (Fig. 6). Although three
mutants in SL-1 biosynthesis have now been constructed, many details
remain unresolved. For example, the order of lipid addition to form
SL1278, the mechanism and extent of SL1278 translocation by MmpL8,
and the order of addition of the final two lipids are not known.

The correlation of SL-1 abundance to virulence in field isolates, its
elaborate chemical structure, and its restricted distribution to M. tuber-
culosis have motivated many efforts to elucidate its function. Thus far,
two independent studies with ∆pks2 (refs. 26,30), a mutant unable to
synthesize the hydroxyphthioceranic acids of SL-1 (Fig. 6), have shown
that the fully elaborated molecule is not required for growth in both the
mouse and guinea pig. One possible explanation for this result is that
SL-1 precursors, such as palmitoylated T2S, may accumulate in the
mutant and may be sufficient to carry out the function of the entire
molecule. Indeed, some SL-1 precursors, notably SL1278 and a synthetic
analog (2,3-dipalmitoyl-trehalose-2-sulfate), are potent antigens capa-
ble of eliciting interferon-γproduction in CD1b-restricted T-cell clones
from tuberculosis patients27. Another explanation is that SL-1 may be
highly evolved to target features of the human host that are not present
in the mouse. The SL-1 knockout strain we describe here will be an
important tool for addressing these questions.

The finding that sulfation of trehalose affects further SL-1-
specific elaboration indicates a function for this modification in
directing the compound into alternative biosynthetic pathways.
This may be a means to accommodate the two distinct roles that 
trehalose plays in mycobacteria, one in free form as an osmoprotec-
tant and protein stabilizer, and another as a component of complex
molecules such as SL-1 and other cell-wall glycolipids47. To function
as an osmoprotectant and protein stabilizer, trehalose must be
maintained at high levels and undergo substantial fluctuations
depending on the status of the cell48. To remain in homeostasis
under these conditions, some trehalose-based metabolites may
require an additional level of control. In this model, sulfation acts in
a manner analogous to phosphorylation of carbohydrates, which is
often used to direct metabolic flux.
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Stf0 adds to a growing list of structures of bacterial enzymes that
modify trehalose49,50. The structure of Stf0 reveals extensive contacts
made with both monosaccharides of trehalose, thereby explaining
how the enzyme distinguishes this substrate from related carbo-
hydrates in the cell. The energetic cost of desolvating trehalose for
recognition by the enzyme is overcome by protein-protein interac-
tions that fully encapsulate the substrate at a unique dimer interface.
This first structure of a bacterial ST has a notable degree of similarity
in active site configuration with distant mammalian STs. Although
the sequence, oligomeric configuration, and chemical nature of the
substrates of these enzymes are divergent, several critical active site
residues and the nucleophilic acceptor hydroxyls are essentially
superimposable.

The identification of Stf0 and the X-ray structure establish a plat-
form for defining the physiological functions of SL-1 using chemical
and genetic approaches. M. tuberculosis deficient in Stf0 lack both 
SL-1 and partially modified analogs and therefore may not suffer com-
plications associated with in vivo studies of the pks2 and mmpL8
mutants. Chemical strategies for studying SL-1-dependent processes
include the use of small molecule inhibitors of Stf0 to block SL-1
biosynthesis in a temporally controlled fashion during infection. The
availability of an SL-1 structure, combined with recently reported
library screening approaches51,52, should facilitate this effort.

METHODS
Stf0 knockout construction. M. smegmatis53 stf0 was identified in the prelimi-
nary genome sequence using Rv0295c (M. tuberculosis Stf0) to query the
BLAST server available at The Institute for Genomic Research
(http://www.tigr.org). The M. smegmatis ∆s-stf0 strain was constructed as
described54. Genomic DNA upstream of the deleted region of the stf0 gene was
amplified by PCR using the forward primer 5′-AAGCTTGACCCGCCC-
GAGCGGCCGTTC-3′ and the reverse primer 5′-GGATCCGTACTGGAA-
GAACTCCTGCGG-3′. The downstream flanking genomic DNA was amplified
by PCR using the forward primer 5′-GGATCCCTCGGCCAGGACCCACGC-
CTG-3′ and the reverse primer 5′-CGGCCGCGATGTGCGCCTTGAA-
GATCTGC-3′. After digestion with the appropriate restriction enzymes, these
PCR products were subcloned into the p2NIL vector. The resulting mutant
allele encodes an in-frame deletion of residues 40–228.

M. tuberculosis (American Type Culture Collection no. 27294) stf0 was iden-
tified as ORF Rv0295c in the published genome sequence32 using an S. meliloti
LPS ST sequence shared by David Keating as a query in the ‘Tuberculist’ BLAST
server (http://genolist.pasteur.fr/TubercuList). The knockout (∆t-stf0) was
constructed using the same strategy as used for ∆s-stf0. Upstream flanking
DNA was amplified by PCR using the forward primer 5′-AAGCTTCGGTTGT-
GCGATCACAAAGGAC-3′ and the reverse primer 5′- TCTAGAGCT-
GCGTTGGGTGGCGAGCAC-3′. Downstream flanking DNA was amplified by
PCR using the forward primer 5′-TCTAGAGTGGCCAGTGTGCTTGACGCC-
3′ and the reverse primer 5′- TTAATTAAGCGCGTGCACAATGTTGTTGGC-
3′. The resulting mutant allele encodes an in-frame deletion of residues 19–221.

For complementation of ∆stf0, the mutant was electroporated with a plas-
mid that overexpresses M. smegmatis stf0 (pMSGS_Stf0). The plasmid is a
derivative of pMS2Kan55 that contains the promoter and the first three amino
acids of glutamine synthase (GS)56. Genes were cloned between the GS leader
peptide (N-terminal) and a FLAG epitope (C-terminal), facilitating robust
constitutive expression that could be monitored.

Metabolic labeling of mycobacterial cultures. For M. smegmatis, 125 µCi of
Na2

35SO4 (ICN Pharmaceuticals) was added to 5 ml of log phase culture in
7H9 media. The culture was grown for an additional 24 h before being 
harvested by centrifugation at 2,000g and extracted with 1 ml of 2:1 chloro-
form/methanol as described below. Clarified extract (1 µl) was spotted onto a
silica gel TLC plate and separated with 1:3:1 H2O/NH4OH/i-propanol.
M. tuberculosis labeling was done by adding 3.3 µCi of 14C-labeled propionic
acid to 5 ml freshly inoculated 7H9 media. The cultures were grown to late log
phase before being heat-killed, harvested and extracted as described above for

M. smegmatis. Labeled lipids were separated with 60:12:1 chloroform/
methanol/water on silica gel TLC plates.

Mass spectrometry. For FT-ICR MS analysis, a 2 ml culture of each strain was
grown to late log phase in 7H9 medium. The cells were then pelleted by cen-
trifugation at 2,000g and resuspended in 0.5 ml of 2:1 chloroform/methanol.
This slurry was vigorously shaken for 5 h at room temperature. The organic
phase was clarified by centrifugation at 20,000g and removed for MS analysis.

Mass spectra were acquired on a Bruker Apex II FT-ICRMS (Bruker
Daltonics) equipped with a 7 T actively shielded magnet. Cell extracts, in 2:1
chloroform/methanol solution, were introduced into the mass spectrometer at
2 µl min–1 by means of an Analytica (Analytica) or Apollo (Bruker Daltonics)
pneumatically assisted electrospray source in negative ion mode. After ioniza-
tion, ions were accumulated in an rf-only external hexapole for 2 s before
being transferred to the ICR cell for mass analysis. Spectra are composed of
512 k and 1 M data points and are an average of between 4 and 32 scans. The
spectra were acquired on the FT-ICR data station, operating Xmass version
5.0.10 (Bruker Daltonics).

Protein expression and purification. The ORFs encoding M. smegmatis and
M. tuberculosis Stf0 were amplified by PCR, cloned into pET28B, and the
resulting plasmids were transformed into the E. coli strain BL21. Mutants were
generated using QuikChange (Stratagene) mutagenesis and the sequences
were confirmed by DNA sequencing. Protein expression was carried out with
individual transformants overnight at 16 °C with 0.35 mM IPTG. Cells were
harvested and resuspended in 15 ml of lysis buffer (50 mM Tris, pH 7.5, 
0.5 M NaCl, 10% (v/v) glycerol, 15 mM imidazole, 2 mM b-mercaptoethanol,
protease inhibitors) per liter of culture. Stf0 was purified under standard 
conditions using a PorosMC (Perspective Biosystems) column followed by a
concentration step and an S-300 sizing column. His6-tagged M. smegmatis Stf0
was concentrated to 20 mg ml–1, stored and dialyzed into a minimal solution
of 100 mM NaCl, 10 mM Tris, pH 7.5, and 1 mM TCEP for crystallography
purposes. Selenomethionine protein was overexpressed in minimal media
using a described protocol57 and purified similarly to native Stf0. Unlike native
Stf0, the selenomethionine protein was unstable and would not crystallize
after ∼ 3 d from cell lysis. These crystals were small and required microseeding
with native protein.

Crystallography. Crystals of M. smegmatis Stf0 were obtained using vapor
diffusion by mixing 1 µl of dialyzed protein (see above), 1 µl of a well solu-
tion (13% (v/v) PEG 3K and 100 mM citrate, pH 5.2), and 0.2 µl of 1 M tre-
halose. The crystals were slowly introduced into a final cryoprotectant
solution consisting of well solution, 1 mM TCEP, 75 mM NaCl, and 20%
(v/v) PEG 400, by increasing PEG concentration stepwise (2, 5, 10, 15, 20%;
5 min per step).

Data were collected at beamlines 8.2.2 and 8.3.1 at the Advanced Light
Source using an ADSC Quantum-Q315 or Q210 CCD detector, respectively.
Diffraction data were processed using HKL2000 (ref. 58) (Supplementary
Table 1 online). A two-wavelength data set from a single selenomethionine
protein crystal was used for phasing. Selenium positions were initially found
in a SAD experiment using SOLVE59. These sites were then refined using both
the peak and remote wavelengths with MLPHARE60 running under ELVES61.
RESOLVE was used to extend the resolution to native data and to calculate
initial experimental electron density maps. Model building was carried out
with O62 and refinement with REFMAC563 using TLS64 and NCS restraints. A
large fraction (15%) of the residues in the asymmetric unit were disordered
and therefore not included in the final model. Water molecules were added
with ARP/WARP65. Final Rwork and Rfree values of 21.8% and 27.5%, respec-
tively, were obtained. All molecular figures were generated with PyMOL
(http://www.pymol.org). Calculations for buried surface area were carried
out using AREAIMOL60 with default parameters and a 1.4-Å sphere. Dimer
contacts were compiled with CONTACT60 using an intersubunit distance
cutoff of 3.6 Å.

Sulfotransferase assays. Stf0 was purified as described above. After purifica-
tion, the His6-tag was removed by incubating with thrombin (1 U mg–1 of pro-
tein) for 4 h at room temperature. The reaction was quenched with 1 mM
PMSF (Sigma), and the impurities and uncleaved protein were removed by
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passing the protein over a PorosMC column, followed by concentration and gel
filtration as described above. PAP35S was synthesized as described66 using
recombinant purified E. coli APS kinase and S. cerevisiae ATP sulfurylase
(Sigma). PAP34S and PAP32S were prepared similarly to PAP35S, with the addi-
tion of either 10 mM Na2

34SO4 (ICON Isotopes) or Na2
32SO4, respectively.

Radioactive ST reactions were done at room temperature in 20 mM Tris,
pH 7.5, 50 mM NaCl, 0.5 µCi PAP35S, and 100 µM PAPS. All analogs, with the
exception of Gal(1,1-α,α)Glu, were commercially available. The synthesis of
Gal(1,1-α,α)Glu has been described67. Reaction products were separated with
silica gel TLC plates using 1:3:1 H2O/2-propanol/NH4OH as a solvent system.
The Rf of the sulfated product of the enzymatic reaction was compared to a
chemically synthesized T2S standard68. Reaction products were quantified
using phosphorimaging followed by densitometry. A 100 µl reaction contain-
ing 100 mM ammonium bicarbonate, pH 8.5, 2 mM trehalose, 100 ng Stf0, and
0.6 mM PAP32S or PAP34S that proceeded for 1 h was characterized by MS.

Coordinates. The coordinates and structure factors of Stf0 have been deposited
in the Protein Data Bank (accession code 1TEX).

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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